Endophytes are microbes that live, for at least a portion of their life history, within plant tissues. Endophyte assemblages are often composed of a few abundant taxa and many infrequently-observed, rare taxa. The ways in which most endophytes affect host phenotype are unknown; however, certain dominant endophytes can influence plants in ecologically meaningful ways-including by affecting growth and contributing to immune responses. In contrast, the effects of rare endophytes have been unexplored, and how rare and common endophytes might interact is also unknown. Here, we manipulate both the suite of rare foliar endophytes (including both fungi and bacteria) and Alternaria fulva-a dominant, verticallytransmitted fungus-within the fabaceous forb Astragalus lentiginosus. We report that rare, low-biomass endophytes affected host size and foliar %N, but only when the dominant fungal endophyte (A. fulva) was not present. A. fulva also reduced plant size and %N, but these deleterious effects on the host could be offset by a striking antagonism we observed between this heritable fungus and a foliar pathogen. These results are unusual in using experimental manipulation in a non-crop or non-grass system to demonstrate that interactions among taxa determine the net effect of endophytic assemblages on their hosts. We suggest that the myriad infrequently-observed endophytes within plant leaves may be more than a collection of uninfluential, commensal organisms, but instead have meaningful ecological roles.
Introduction

1
Plants are intimately associated with numerous fungi and bacteria that live within their 2 tissues (Ryan et al. 2008 , Rodriguez et al. 2009 , Griffin and Carson 2015 . These microbes, 3 termed endophytes (Carroll 1988 , Wilson 1995 , Porras-Alfaro and Bayman 2011 , Hardoim 1996 and may not be prevalent across samples from the same substrate (Arnold and Lut-All plant traits were measured concomitant with sample collection for foliar microbiome 148 characterization. Plant size was measured as the product of the width at widest point,
149
the width perpendicular to that point, and plant height. Phenological state and number 150 of leaves were characterized for each plant. Area and specific leaf area (SLA; leaflet area 151 divided by mass of leaflet) were measured for three dried leaflets per plant and averaged.
152
Two healthy leaflets were removed from 8-12 leaves per plant, rinsed with tap water, dried 153 in a laminar flow hood (<12 h total) and frozen until further processing. These leaflets were 154 then parsed for microbiome characterization, swainsonine quantification, and carbon (C) and 155 nitrogen (N) analysis. Swainsonine concentration in~50 mg of dried, ground foliar tissue was 156 measured using an LC-MS/MS approach described by Gardner et al. (2001) . Briefly, an 18 h 157 extraction in 2% acetic acid with agitation was followed by centrifugation. Supernatant was 158 added to 20 mM ammonium acetate and subjected to LC-MS/MS analysis. Percent C and
159
N and
15 N: 14 N isotopic ratios in 3-4 mg dried foliar tissue, were measured by the Nevada
160
Stable Isotope Laboratory using a Micromass Isoprime stable isotope ratio mass spectrometer
161
(Elementar, Stockport, UK) and a Eurovector elemental analyzer (Eurovector, Pavia, Italy).
162
The percentage of nitrogen in tissues due to fixation alone (NDFA) was calculated as per 163 Högberg (1997) through comparison with samples from co-occurring Chenopodium album, 164 which is not known to harbor nitrogen fixing rhizosphere bacteria (for further details see 165 
Harrison et al. 2018b).
166
Sequence and culture-based characterization of the foliar microbiome
We characterized endophytic assemblages through both culturing and DNA sequencing, 167 thus affording us insight into the effects of treatment on the microbiome from two indepen-168 dent techniques. For our culture-based assay, we choose three leaflets per plant. Leaflets were 169 surface sterilized, cut into 3-4 pieces, and plated onto PDA, using aseptic technique. Sur-
170
face sterilization involved rinsing in 95% ethanol for 30 s, 2 min in 10% sodium hypochlorite 171 solution, 2 min in 70% in ethanol, followed by a final rinse in deionized water. Preliminary 172 experiments confirmed the success of this surface sterilization technique (data not shown).
173
Cultures were grown in the dark at ambient temperatures for 1.5 months. Microbial growth 174 was isolated, subcultured, and the number of morphologically unique cultures and the per-
175
centage of leaf pieces colonized recorded. Cultures corresponding to A. fulva were identified 176 visually through comparison to A. fulva cultures grown from seeds used for this experiment.
177
Culture identification was confirmed via sequencing.
178
DNA was extracted from three surface-sterilized, dried, and ground leaflets per plant 179 using DNeasy plant mini kits (Qiagen, Hilden, Germany). An extraction blank for each kit 180 was generated and blanks used as negative controls. Library preparation and 2x250 paired- pair (Wang and Qian 2009) , while for fungal assemblages the ITS1 locus was amplified using 185 the ITS1f-ITS2 primer pair (White et al. 1990 based on quality scores and reads with more than a single expected error discarded (Edgar 196 and Flyvbjerg 2015). Unique reads were clustered into exact sequence variants (ESVs) using
197
UNOISE3 (Edgar 2016b) . ESVs offer numerous advantages to 97% OTUs (Callahan et al. 198 2017; for further discussion see the Supplemental Methods these ESVs were deemed possible contaminants and discarded.
204
Taxonomic hypotheses were generated for ESVs using the SINTAX algorithm within the
205
USEARCH software (Edgar 2016a presence on richness, we therefore rely on data obtained through culturing.
291
We omitted from all analyses those few plants for which seed coat removal did not remove 
299
Results
300
Effects of the vertically-transmitted fungus on the host and co-occurring microbes
334
The influence of horizontally-transmitted endophytes on hosts
The inoculum slurry applied to plants was created from twenty morphologically distinct ESVs and four of the fungal ESVs were sequenced from plants used in this experiment.
338
In almost all cases, inoculum application led to an increase in the read counts obtained 339 for taxa within the inoculum mixture (in 100% of fungal taxa and 86% of bacterial taxa), with previous work (Mejía et al. 2014 , Griffin et al. 2016 , Christian et al. 2019 , these results
397
suggest that the effects of horizontally-transmitted endophytes on foliar N depend on host, 398 abiotic context (e.g. N availability), and interactions with other microbiota. effects on other fungi than on bacteria, which is consistent with our observations (Fig. 2) .
482
To account for adverse effects of seed coat removal, we planted control seeds alongside culturing results (Fig. S2 ), swainsonine concentrations (Fig. S4) , and sequencing output 485 (Fig. S8) + and -symbols on the x-axis denote treatment to reduce the relative abundance of the vertically-transmitted fungus, A. fulva. Boxes shaded blue denote treatment with endophyte inoculum slurry; boxes shaded yellow denote plants that did not receive the slurry. Percentage of N, C, and swainsonine refer to foliar dry mass composition. Differences in mean trait values among treatment groups were determined through a hierarchical Bayesian analysis. Credible differences among treatment groups are denoted through the letters above each boxplot. For estimates of mean trait values for each treatment group see Table S2 . Boxplots summarize the data and describe interquartile range with a horizontal line denoting the median. Whiskers extend to the 10th and 90th percentiles. Several outliers were omitted to aid visualization. 
Supplementary Material
Library preparation details
A two-step PCR was used to prepare sequencing libraries. In the first step, the locus of interest was amplified and in a subsequent step Illumina adapters were added to amplicons. Both 16s and ITS libraries were created using triplicate 20 µl PCR reactions (1 µl each of forward and reverse primers, 10 µl of NEBNext 2X Master Mix [New England BioLabs, Ipswich, MA], 7 µl of water, and 1 µl of template [~9 ng of DNA]). PCR conditions for both markers were identical. Conditions for the first round of amplification were as follows: an initial denaturation at 98°C for 30 s, followed by 12 cycles of 98°C for 30 s, 62°C for 30 s, and 72°C for 30 s, and a final 5 min extension at 72°C. Amplicons were cleaned using AMPure beads (0.8x; Beckman Coulter, Indianapolis, IN, U.S.A) prior to the second round of PCR. Reaction volume for the second round of PCR was 30 µl (15 µl NEBNext 2X Master Mix, 5 µl primers, 10 µl of product from the first round of PCR). Conditions for this round were the same as the first round, except only 7 cycles were conducted. Amplicons were cleaned again using AMPure beads and qPCR used to determine concentration. Amplicons were pooled in equimolar fashion, quality determined via a Bio-Analyzer (Agilent, Santa Clara, CA, U.S.A), and sequenced.
Sequencing of mock community
For ITS data obtained from sequencing the mock community, 1 ESV corresponded with Cryptococcus neoformans, and 3 ESVs with Saccharomyces cerevisiae, the two fungi expected to occur in the ZymoBIOMICS mock community (Zymo Research, Irvine, CA. U.S.A.). An additional fungal ESV was present but only had two reads, and so is likely a very rare lab contaminant or sequencing/PCR artifact. For 97% OTUs, one OTU matched C. neoformans and one OTU matched S. cerevisiae. We observed 13 ESVs in the 16s data from the mock community that were present at > 14 reads. This is slightly higher than the eight taxa expected. An additional two ESVs were present with < 14 reads. For 97% OTUS, we recovered eight OTUs as expected. Bacterial taxa in the mock community included: Listeria monocytogenes, Pseudomonas aeruginosa, Bacillus subtilis, Escherichia coli, Salmonella enterica, Lactobacillus fermentum, Enterococcus faecalis and Staphylococcus aureus. Our taxonomic hypothesis generation method accurately captured the genus of each of these taxa for both ESVs and 97% OTUs, and in most cases species level resolution was possible.
Despite the slight overestimation of mock community richness when using ESVs, we choose to use ESVs for our analyses because of the logistical and biological benefits they provide compared to 97% OTUs. First, much ecologically and evolutionarily important genetic information exits below the species level and ESVs are more likely to reveal such variation. Indeed, such cryptic variation could explain the overestimation of richness in the ZymoBIOMICS mock community that we observed. Additionally, Harrison et al. (2018a) found certain ESVs of A. fulva, the heritable fungus within A. lentiginosus, were more associated with swainsonine variation than other ESVs. Second, many technical concerns arise from the use of 97% OTUs. For example, the lengths of sequences determine how many bases need to differ for those sequences to diverge at 3% or greater. In other words, the denominator in percentage calculations depends on sequence length, which likely differs across phylogeny, thus 97% do not correspond to the same amount of genetic variation for each taxon. Other logistical concerns exist and, for further discussion, the reader is directed to (Callahan et al. 2017) .
Sequencing results
A total of 2,207,373 reads were generated through sequencing of the ITS1 library. Of these 2,064,256 merged and 2,020,983 mapped to ESVs used to generate an ESV table. The majority of these reads were from the A. lentiginosus host, which was to be expected given that plants were not grown outdoors for more than several months. A total of 115,860 reads from 11 fungal ESVs were obtained from focal plants.
Sequencing of the 16s library generated 2,515,615 reads, of which 2,364,256 merged. Of these 2,136,863 mapped to ESVs used to generate an ESV table. The majority of these reads were host chloroplast DNA. In total, 1,496 reads from 53 bacterial ESVs were recovered from focal plant tissues. This low number of reads is not due to issues with library preparation and sequencing as 31,376 bacterial reads were obtained from inoculum samples, but was instead due to the very high relative abundance of chloroplast DNA to endophytic bacteria. 12.32 (11.87, 12.76) 12.46 (11.86, 13.06) 11.92 (11.3, 12.52) 12.26 (11.62, 12.88) NDFA 62.14 (55.19, 69.15) 51.11 (43.55, 59.04) 57.56 (46.7, 67.5) 53.43 (36.49, 69.31) . ESVs corresponding to A. fulva genotypes were omitted during analysis, however these ESVs were also influenced by treatment (see Fig. S1 ). Differences in relative abundance were determined through a hierarchical Bayesian modelling approach (see main text). Figure S1 : Estimated proportion of fungal reads that were assigned to A. fulva. Estimates shown are posterior probability distributions from the hierarchical Bayesian analysis (see main text). Two genotypes of A. fulva were identified (two ESVs). Culturing revealed these two genotypes exhibited different phenotypes. Plants reared from embryos excised from the seed coat had lower relative abundance of A. fulva, as shown through sequencing and culturing (also see Fig. S2 ). Figure S6: Differences in powdery mildew infection among treatment groups. The percentage of infected leaves observed is shown on the yaxis. Infection was determined visually (a whitish growth on leaf surfaces). Boxplots summarize the data and describe interquartile range with a horizontal line denoting the median. Whiskers extend to the 10th and 90th percentiles. Posterior probability distributions (PPDs) of the mean difference between groups differed for control seedlings with high certainty (>80% of the PPDs did not overlap). Much more overlap was observed for non-control plants, though the directionality of effect was consistent for all treatment groups. Specifically, A. fulva colonization was associated with reduced mildew presence. Figure S8 : Estimated proportion of fungal reads that were assigned to A. fulva and recovered from control plants. These plants were grown from seeds planted alongside a chunk of sterile agar or A. fulva colonized agar. Plants reared alongside sterile agar had lower proportions of A. fulva than plants reared alongside A. fulva colonized agar. This result was also confirmed via swainsonine analysis and culturing (Fig. S2, S4 ). Estimates shown are posterior probability distributions from the hierarchical Bayesian analysis (see main text). Two genotypes of A. fulva were identified (two ESVs). Culturing revealed these two genotypes exhibited different phenotypes.
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